Abstract. We demonstrate the non-negligible effect of transition magnetic moments on three-flavor collective oscillations of Majorana neutrinos in the core of type-II supernovae, within the single-angle approximation. We argue that data from a galactic supernova in conjunction with terrestrial experiments can potentially give us clues about the non-zero nature of neutrino transition magnetic moments if these are Majorana fermions, even if their values are as small as those predicted by the Standard Model augmented by nonzero neutrino Majorana masses.
Introduction
Over the past several years, the possibility of extracting neutrino properties from measurements of the flux of supernova neutrinos has been seriously considered. For example, collective neutrino oscillation effects, once properly taken into account, may allow one to, perhaps, robustly determine the neutrino mass hierarchy from measurements of the energy spectrum of electron-type neutrinos [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . It is known that there is a discontinuity in the electron neutrino spectrum for an inverted neutrino mass hierarchy induced by collective oscillations, usually referred to as a 'spectral split'. An interesting feature of this phenomenon is its sensitivity to the mass hierarchy even for very small mixing angles. This can be understood in terms of a mean-field Hamiltonian, which is minimized for different configurations depending on the mass hierarchy of the neutrino [4, 6-8, 12, 13] . In this language, the mixing angle serves to provide the initial perturbation necessary to take the system out of an unstable equilibrium configuration and the final result is hence almost independent from the value of the mixing angle, as long as it is nonzero. The prospect of being able to measure the mass hierarchy of the neutrinos irrespective of the value θ 13 led to a lot of excitement, as it was identified as the only mechanism capable of such a measurement if it had turned out that sin 2 θ 13 10 −5 . The recent discovery that θ 13 is relatively large [14] [15] [16] [17] reveals that the hierarchy measurement is within reach of the current and next-generation of accelerator and atmospheric neutrino experiments (see, for example, [18, 19] ).
We recently noted that a very small transition magnetic moment for the neutrinos can have a significant effect on collective neutrino oscillations in core-collapse supernovae [20] if these are Majorana fermions. 1 Here we extend our analysis and consider the effects of transition magnetic moments in the context of three-flavor oscillations. Our motivation is threefold. It has been noted before in the literature that there are instabilities in collective neutrino oscillations that are artificial and a result of the two-flavor approximation [23] . It is, therefore, important to make sure that the results reported in [20] are not an artifact of the two-flavor approximation. Furthermore, it is well-known that, after the collective oscillation regime, there is a non-trivial modification of neutrino flux spectra due to the standard MSW effect, which is also dependent on the neutrino mass ordering. This effect cannot be properly captured using the two flavor approximation, so in [20] we were unable to reliably compute the spectra of supernova neutrinos as these arrive on the surface of the Earth. Finally, the study of three-flavor collective oscillations, including Majorana neutrino magnetic moments contains more free parameters (e.g., there are three transition moments), a fact that may lead to qualitatively different phenomena.
We find that three-flavor effects do not "wash out" the results presented in [20] . We also compute expected supernova neutrino flavor spectra at the surface of the Earth, and estimate whether effects from nonzero transition magnetic moments can be "seen" in next-generation neutrino experiments. Finally, we also comment on the sensitivity of supernova neutrino oscillations to the Dirac CP-violating phase in the lepton mixing matrix. It is known that the CP-violating phase has no effect on the collective oscillations if the µ and τ neutrinos have the same initial fluxes [24] . We find that this result no longer holds when the effects of transition magnetic moments and CP-violating phases are considered simultaneously. Such effects, however, appear to be quantitatively too small to have phenomenological consequences in any realistic scenario.
It is also important to make sure that the effects of transition magnetic moments persist in the more realistic multi-angle approximation [11, [25] [26] [27] , but here we restrict the analysis to the single-angle approximation. Past multi-angle studies, which do not take into account non-zero neutrino magnetic moments or other "new physics" reveal, however, that single angle calculations often provide excellent guidance regarding the importance of collective oscillations, including the order of magnitude of oscillation parameters above which we can expect a significant effect on the final flux. It seems reasonable to expect the same regarding non-zero neutrino transition magnetic moments. We highlight the fact that no multi-angle analysis of collective neutrino oscillations which included the effects of transition of magnetic moments has been performed to date. We are currently contemplating pursing this most challenging computation.
We limit our analysis of collective effects to the later stages of supernova evolution (∼ 3.5 seconds after bounce), when the shock wave front is no longer interacting with the neutrinos, and ignore the time-dependency of the neutrino flux. Strictly speaking, our results apply only to a small fraction of the total neutrino flux, as most of the neutrinos in a core collapse supernova are emitted within the first second of the bounce. We focus on this late stage of evolution for simplicity and in order to properly highlight the effect of the neutrino magnetic moments. During earlier phases, very high matter densities render the calculation of the collective oscillations much more involved. The back-scattering of neutrinos due to ambient matter, for example, may play an important role in the collective oscillations and could modify the picture presented here qualitatively. As of the time of this writing, this topic remains unresolved even in the absence of transition magnetic moments [28, 29] . We study the effect of transition magnetic moment on collective oscillation in the later stages of supernova evolution to avoid these and other complications.
Hamiltonian
We use the same equations of motion as the ones used in [20] , augmented to include three flavors of neutrinos and antineutrinos.
The vacuum Hamiltonian in the three-flavor case is a 6 × 6 matrix and a function of the neutrino mixing matrix U , the neutrino transition magnetic moments µ αβ , α, β = e, µ, τ , the magnetic field inside the supernova and the mass eigenvalues -a straight forward generalisation of the two flavor Hamiltonian considered in [20] :
where H θ and H µB are given below in terms of the neutrino mass-squared differences, ∆m 2 ij , i, j = 1, 2, 3, the mixing angles that parameterize U (we stick to the standard parameterisation [30] ), and the product of transition magnetic moments and the transverse magnetic field, µB.
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Throughout, we use the following values for the mixing angles and the mass-squared differences [14-16, 31, 32] . We set all Majorana phases to zero, unless otherwise noted.
We will discuss the two different neutrino mass hierarchies (normal or inverted, characterized by the sign of ∆m 2 13 ) individually. Although there are hints for the deviation of the atmospheric mixing angle from maximal (see [33] [34] [35] ), we only consider the maximal value of sin 2 2θ 23 in our simulation. Non-maximal θ 23 values do not lead to qualitatively different results.
The matter effect due to ambient matter includes self-interactions, given by 5) where G = diag(1, 1, 1, −1, −1, −1). The three-flavor matter effect due to ordinary matter (electrons) is H mat = diag( √ 2G F n e , 0, 0, − √ 2G F n e , 0, 0). This self-interaction Hamiltonian is a straight forward generalisation of the one derived in [20] . A detailed discussion of the effect of the electromagnetic field on helicity changing amplitudes can also be found in [21] .
Neutrino fluxes and magnetic fields inside supernovae
We assume that the neutrino spectra have an initial distribution, at the neutrinosphere, that follows a Fermi-Dirac distribution with temperature (T ), and chemical potential (η), dependent on the flavor f = e, µ, τ,ē,μ,τ of the neutrino species.
where q is the neutrino momentum, which has magnitude q. We use chemical potentials, temperatures, and luminosities from the steep power law model described in [36] , with p = 10 and q = 3.5. As mentioned in the Introduction, this late-time flux, which we assume is timeindependent, represents only a small fraction of total neutrino flux emitted in a core-collapse supernova event.
Integrating over the neutrino direction, we can express the flux as a function of q, which is, for all practical purposes, also the neutrino energy:
The integral of φ f (q) over q yields the total number of neutrinos ν f per unit volume. The effective neutrino number is dependent on the relative velocity between the neutrinos. Since the maximum relative angle between neutrino momenta fall as we move away from the neutrinosphere, the total number of neutrinos falls faster than inverse-distance squared. We normalize the total number of neutrinos at the surface of the neutrino sphere R ν , which we assume to be at a radius of 10 km. At the surface of the neutrino sphere, the effective luminosity is half that of the total luminosity. The effective neutrino number as a function of radius is
We normalize the total energy-luminosity as follows
The density matrix is normalized to unity so that the coefficient n ν in Eq. (2.5) is equal to the sum of n f . We are using L e = 4.1 × 10 51 ergs/sec, Lē = 4.3 × 10 51 ergs/sec and L µ,μ,τ,τ = 7.9 × 10 51 ergs/sec [36] .
The ratio of the luminosity to the product of the transition magnetic moment and magnetic field, Bµ, determines whether the transition magnetic moment effects "kick in" or not. It is important to know the magnitude and direction of the magnetic field before conclusions about the value of the transition magnetic moment can drawn from the observations. We don't know of any astrophysical observations that can provide any clue regarding these quantities. However, we assume a reasonable profile for the magnetic field near the supernova core and, since only the transverse component of the magnetic field has any effect on the evolution of the supernova neutrino spectra, we assume it to be perpendicular to the line of sight of the supernova with respect to the Earth.
The magnitude of the transition magnetic moments predicted in the Standard Model with massive Majorana neutrinos is around four orders of magnitude less than the wouldbe diagonal Dirac neutrino magnetic moments (µ D ∼ 3 × 10 −20 µ B for m ν ∼ 0.1 eV), and calculable, as first discussed in [37] , in terms of neutrino/charged-lepton masses and the parameters of the leptonic mixing matrix, including the Majorana phases. In more detail, given the values of the oscillation parameters listed in the previous section and using Eqs. (83) and (84) from [38] , one can quickly compute the "Standard Model" expected ranges for the magnitude of the neutrino transition magnetic moments. For m e , m µ ≪ m τ and fixed m 1 = m 2 = m 3 = 0.1 eV, the transition magnetic moment components in the mass basis are, depending on the values of the Dirac and the Majorana phases,
We recall that the transition magnetic moment matrix for Majorana neutrinos is antisymmetric (see Eq. (2.3)), so the range of lower triangular components is uniquely determined by the range of upper triangular components. Furthermore, the various components of µ ij are strongly correlated. The value of the transition moments in the flavor basis, µ αβ , αβ = e, µ, τ (see Eq. (2.3)), are related to µ ij : µ αβ = U * α i U * βj µ ij . It should be noted that, unlike previous studies of transition magnetic moments in the context of supernova explosions, for example in the context of explaining pulsar kicks [39, 40] , we use values of magnetic fields and transition magnetic moments that are several orders of magnitude lower. Following the convention in [20] , we write the product of the transition magnetic moment and magnetic field in multiples of the product of the diagonal magnetic moment of a would-be Dirac neutrino and the magnetic field, denoted by (µ D B) std , assuming a magnetic field that is inversely proportional to the square of the distance to the center of the explosion, Throughout the paper we assume the magnetic field profile described by Eq. (3.6). The value of transition magnetic moment times magnetic field used in our simulations is of the same order of magnitude as predicted in the Standard Model for a neutrino mass of order 0.1 eV, µB = 10 −4 (µ D B) std .
Results
For simplicity, we will consider the effects of "turning on" one element of µ at a time, i.e., only one of µ eµ , µ eτ , and µ µτ is assumed to dominate the relevant phenomena at a given time. Hence we are ignoring the correlations between components of the transition magnetic moments that are, in the absence of new physics beyond Majorana neutrino masses, dependent on the neutrino masses and lepton mixing matrix, including Majorana phases. Hence, we have not considered the possible interference effects of two or all non-vanishing components simultaneously. We find that while the effects of the transition magnetic moment µ eµ is different from that of µ eτ or µ µτ , these are qualitatively similar, and appear not be distinguishable in any conceivable realistic experiment. Hence, we only present results for a nonzero µ eµ and comment on what happens for a nonzero µ eτ or µ µτ when relevant.
Figs. 2, 3 and 4 depict the initial (dashed lines) and final (solid) neutrino fluxes as a function of energy and flavor, for a vanishing/non-vanishing µ eµ B and for a normal and inverted neutrino mass hierarchy (right and left, respectively). Here the final fluxes are computed at r = 250 km, as in [20] . Note that while Fig. 3 depicts the ν µ , ν τ ,ν µ ,ν τ final fluxes, the other two, and all figures henceforth, depict only the ν e andν e fluxes, as these are the ones one is most likely to measure experimentally. Finally, for reference-purposes, all figures include the initial ν e ,ν e and ν x = ν µ , ν τ ,ν µ ,ν τ fluxes.
A to qualitatively different final spectra. As expected, the transition magnetic moments have a "switch-on effect" just like the elements of the neutrino mixing matrix, (e.g. θ 13 ). We find that the Bµ µτ switch-on values are higher than those for Bµ eµ and Bµ eτ but, for sufficiently large values of magnetic moments or neutrino luminosity, the final fluxes do not have features that qualitatively distinguish the various components of the transition magnetic moment matrix. Furthermore, for low enough values of the transition magnetic moment or neutrino luminosity, the final fluxes obtained with either nonzero Bµ eµ or Bµ eτ look exactly the same. Unlike the instability due to θ 13 or the transition magnetic moment in the twoflavor approximation [20] , we do not see a clear 'split' in the spectrum due to the transition magnetic moment for the three-flavor calculations; the three-flavor ν e andν e spectra have more structure. Figure 5 depicts the position-evolution of the ν e flux for different values of Bµ eµ . In the case of a nonzero Bµ eµ , the oscillatory structure is a lot less regular, and the value of the flux is still changing quantitatively as a function of r as r approaches 250 km. Furthermore, at "large" r values, the flux depends quantitatively on the magnitude of Bµ eµ , for the Bµ eµ values in which we are interested. Fig. 6 is identical to Fig. 4 except for the value of the CP-odd phase δ, which is zero (Fig. 4) or 180 • (Fig. 6) . It is easy to see that, quantitatively, the two sets of figures are not the same, which implies that, in principle, if the transition magnetic moment effects are not negligible, the flux of neutrinos from supernova should depend on δ.
In the absence of magnetic moment effects, since the survival probability of the electron type neutrino(P ee ) is independent of the CP phase, the final electron-type neutrino flux (φ f e ), in the case of identical ν µ and ν τ initial fluxes(φ i ), is not affected by the CP phase [24] : A nonzero µ eµ or µ eτ component of the transition magnetic moment matrix, however, breaks the µ − τ symmetry of the system, rendering the survival probability dependent on the CP phase. Furthermore, Majorana transition magnetic moments allow for "neutrino-antineutrino" The large lepton-number violating contribution from Pē e , Pμ e , Pτ e qualitatively changes the nature of the problem. Comparing Figs. 4 and 6, it appears that a measurement of the CP phase via measurements of the supernova flux spectra would not be possible, considering the practical observational challenges such as the uncertainty in the initial flux spectra, limited statistics and limited energy resolution of the neutrino detectors. This effect of the Dirac CP phase is proportional to the total luminosity of the supernova and in the case of lower energy-luminosity the effect vanishes. The reason for this is that, for low-enough neutrino luminosities, the system becomes, effectively, a two-flavor system, and no CP-violating effects can be accommodated. While it appears inconceivable to use this dependence on the CP phase as a method of measuring the CP phase, this result underscores the importance of measuring the CP phase in terrestrial experiments in order to extract as much physics as possible from supernova neutrino fluxes. The non-trivial effect of the CP phase is also a good example of why it is imperative to search for supernova-modelindependent measurable quantities in the context of collective oscillations.
In order to compute fluxes that are representative of the spectra we would observe in a detector on/in the Earth, it is necessary to study the evolution of the neutrinos in the postcollective regime. In order to find the neutrino spectra beyond the standard MSW region, we calculate the average neutrino fluxes for r values between 24000 and 25000 km. These fluxes are depicted in Figs. 7 and 8 , for a zero and nonzero Bµ eµ , respectively. We average over a finite length in order to get rid of rapid oscillations and thus take into account the effect of kinematic decoherence that occurs when the neutrino travels a very long distance. Apart from the MSW effect in the supernova at relatively larger radii, there are also potentially significant matter effects in the Earth (see, e.g., [1, [41] [42] [43] [44] [45] ). Here we ignore Earth matter effects. These are dependent on the position of the supernova in the sky with respect to the neutrino detector. After the MSW effect is taken into account, when magnetic moment effects are negligible, the prominent split present in case of an inverted neutrino mass hierarchy becomes less dramatic (see Fig. 7 ). This is consistent with comparable results discussed in [46] . In the presence of a nonzero transition magnetic moment, standard matter effects, while significant, do not qualitatively modify the effects due to the magnetic moment (see Fig. 8 ).
Quantitatively, all results are very sensitive to the initial neutrino flavor spectra. Considering the uncertainty in these initial neutrino spectra, the most promising way of experimentally searching for effects of the transition magnetic moments would be to compare the flux of electron neutrinos to that of electron antineutrinos. Here we consider the ratio of electron neutrino to electron antineutrino events that would be observed in an Earth-bound experiment. Since the cross-section increases with energy, this ratio is dominated by the flux in the high energy region. In the absence of the effect of a transition magnetic moment, there is an excess of antineutrino flux over neutrino flux (see Fig. 7 ). This is not the case when the magnetic moment effect is present (see Fig. 8 ). We find that this is a robust feature in all comparable simulations that include the effects of a transition magnetic moment. We estimate the ratio of events by integrating the product of the charged-current crosssection in argon and the final fluxes over the energy. The charge current interaction of electron neutrinos and anti-electron neutrinos results in the formation of unstable nuclei,
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the gamma decays of which could be distinguished by virtue of their different Q values and transition states, thus allowing charge identification [47] . We use the cross-sections depicted in Fig. 1 of [47] . For a liquid argon-type detector, the ratio of electron neutrino to electron antineutrino events R e/ē , assuming the final fluxes depicted Fig. 7 , for inverted and normal hierarchy is R e/ē = 22.60 and R e/ē = 20.05, respectively. Assuming the final fluxes depicted in Fig. 8 , the same ratio is R e/ē = 35.91 and 28.67, respectively. Depending on the mass hierarchy, and whether it is known, a measurement of R e/ē for late-arriving neutrinos 2 at around the 10% level 3 would allow one to conclude that the data are not compatible with zero neutrino transition magnetic moments, in the absence of other new physics.
The ratio described is, arguably, a very crude observable one can construct out of future observations of supernova neutrinos, but we can, nonetheless, still possibly extract evidence for a non-zero transition magnetic moment in this fashion. That all ratios are much greater than one is an artifact of the fact that liquid argon has a much larger neutrino-nucleon cross-section than antineutrino-nucleon cross-section. As already mentioned, the increase in the cross-section with energy gives a greater weight to the high energy region of the flux spectra. Robust features associated to magnetic moment effects in this high energy region provide the most reliable information when it comes to distinguishing the flux with and without transition magnetic moment. The robustness of these features, along with a more detailed study of potentially observable effects of nonzero magnetic moments, deserves further investigation with different models for the initial fluxes, etc, beyond the intents of this paper.
On the flip side, we would like to point out that a nonzero magnetic moment effect may hinder our ability to determine neutrino oscillation parameters using (even very precise) measurements of the neutrino fluxes from supernova explosions. For example, in the case of a normal mass hierarchy and ignoring the effect of the transition magnetic moment (Fig. 7(right) ) there is a significant excess of electron neutrinos over antineutrinos in the 10 MeV region. However, once the effect of a transition magnetic moment is included (Fig. 8) , this distinguishing feature disappears. In isolation, the absence of an excess of electron neutrinos at around 10 MeV does not serve as evidence for an inverted neutrino mass hierarchy. It may simply be a consequence of a nonzero magnetic moment effect. Note that even if the initial flux spectra were known very well, it appears very challenging to tell Fig. 8(right) from Fig. 8(left) . Keeping in mind that magnetic moment effects may be absent even if the neutrino magnetic moments are not, since these depend on the properties of the magnetic field inside the supernova, it is clear that the extraction of information on neutrino oscillating parameters from supernova explosions is a very nontrivial endeavor. 4 Before concluding, we would like to highlight that, as is well-known, large enough values of the neutrino transition magnetic moments, combined with the standard MSW effect inside astrophysical objects, can significantly modify the neutrino oscillation patterns. This has been studied quite extensively in the context of the solar neutrino problem (See for Eg. [48] [49] [50] ) as well as resonant spin-flavor oscillations in core-collapse supernovae for large magnetic moments [51] [52] [53] . The same effect can also play a role inside supernovae in the post collective oscillation regime. Here, however, we are interested in values of the magnetic moment that are so small that all potential such effects are negligible. We also note that one of the most stringent limits on the magnetic moment of a Dirac neutrino, for example, comes from supernova SN1987A (see, e.g., [54] [55] [56] ). The induced active-sterile neutrino transitions make it easier for the supernovae to loose energy in the form of sterile neutrinos. Here, of course, we assume the neutrinos are Majorana fermions, and such processes are absent.
Conclusion
We have computed the effects of nonzero Majorana neutrino transition magnetic moments on the oscillation of supernova neutrinos. Expanding on the results presented in [20] , we have included the existence of the three confirmed neutrino species and included all known information regarding neutrino oscillation parameters. In this three-flavor scenario, we were allowed to not only compute the neutrino oscillation patterns at small radii, where collective effects dominate, but also include the standard MSW effects that occur at larger distances from the center of the supernova. This way, we were able to compute, for a fixed set of initial neutrino spectra, the different neutrino flux spectra, as a function of energy and flavor, when the supernova neutrinos arrive at the Earth's surface. These are depicted in Figs. 7 and 8 . We also discussed a very coarse measure of whether Magnetic moment effects can be seen by Earth-bound neutrino detectors.
We confirm that the qualitative results obtained in the two-flavor approximation persist when the existence of all three neutrino species is acknowledged. More quantitatively, we find that transition magnetic moment values of the order of those predicted by the Standard Model augmented by Majorana neutrino masses can have significant effects on collective neutrino oscillations. This result depends on the neutrino luminosity and the magnitude and direction of the magnetic fields inside the supernova explosion. We highlight, however, that the values assumed here are in the "middle of the pack" as far as a scan of supernova explosion models is concerned. To the best of our knowledge, the oscillation of supernova neutrinos appears to be the only physical phenomenon where standard-model-sized Majorana neutrino magnetic moments may lead to an observable effect.
We presented detailed results assuming that the eµ-component of the neutrino magnetic moment tensor is nonzero. We find that the effect of the other components, when turned on individually, is qualitatively similar. We also find that the Dirac CP-violating phase δ, once magnetic moment effects are taken into account, has an effect on the evolution of the supernova neutrino fluxes, unlike the case of zero magnetic moments. However a visual examination of Figs. 4 and 6 suggests that the effects are too subtle to be of any importance from a measurement point of view.
Our results provide yet another "barrier" as far as the enterprise of measuring the unknown neutrino oscillation parameters -especially the neutrino mass hierarchy -via the measurement of supernova neutrinos is concerned. In a nutshell, the flux of supernova neutrinos depends very sensitively on not only the neutrino oscillation parameters but also on quantitative details of the supernova explosion (initial neutrino luminosities and temperatures, etc) and other neutrino properties. The subject of this paper, transition magnetic moments, is a very non-exotic -massive Majorana neutrinos have nonzero transition magnetic moments -example of the latter. Other subtle but non-exotic effects exist, including, for example, relative µ − τ refraction terms. These can also significantly affect collective neutrino oscillations in supernovae [57] and have been ignored here. While disentangling all the different effects appears to be a daunting task, it is important to keep in mind that the potential pay-off is huge.
If it turns out that it is not, in general and model-independently, possible to determine the neutrino mass hierarchy from precise measurements of the flux of supernova neutrinos, it is still true that such a measurement will provide invaluable information regarding supernova explosions and other neutrino properties. Indeed, it may be most productive to consider that the job of analyzing supernova neutrino spectra will be made easier, and the results more robust, once the neutrino oscillation parameters are well-measured using different neutrino sources, both natural (e.g. atmospheric neutrinos) and man-made (accelerator and reactor neutrinos). Indeed, if the mass-hierarchy were known, it would be significantly easier to robustly establish that neutrino transition magnetic moments are not zero by measuring the flux of electron-type neutrinos and antineutrinos.
We would like to remind the reader that these conclusions are valid only for the collective oscillations in the late stages of the supernova evolution. The physics of collective oscillations in the early stages is a difficult endeavour. However, it is conceivable that we may be able to isolate the neutrinos from the later stages of evolution or gain more insight using the time variation of the neutrino flux as we continue to learn more about the physics of collective neutrino oscillations. While significant progress has been made, the phenomenology of collective neutrino oscillations is still in its infancy. Our goal here is to draw attention to fact that Majorana neutrino transition magnetic moment effects are not negligible, regardless of the existence of "new physics," and cannot be ignored in future phenomenological studies.
The phenomenon of collective oscillations continues to surprise us because of its highly non-linear dependence on neutrino parameters. Although we have established the extraordinary sensitivity of collective oscillations to Majorana transition magnetic moments, several other issues remain to be explored. Multi-angle calculations with transition magnetic moments, for example, are necessary to get a more realistic picture of the effect of Majorana transition moments on supernova neutrino spectra at the detectors. Also, there needs to be a thorough investigation of these lepton number violating effects in collective oscillations on other possible supernova-related observables, such as the abundances of heavy elements via r-process nucleosynthesis.
